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Abstract

Preliminary results from CDF on W + v, Z + v and WYW~, WZ, ZZ boson pair production in
Vs = 1.8 TeV p-p collisions from the 1992-93 collider run are presented. Measurements of the production
cross section X decay branching ratios o * B(W + ) and o * B(Z + ) have been obtained. The cross
section ratios R(W~/W), R(Zv/Z), R(W~/Zv) and R(W/Z) are discussed. We extract direct limits on
CP-conserving and CP-violating WW<y, WWZ, ZZ~ and Zyy anomalous couplings. In the static limit, the
direct experimental limits on WW and ZZv anomalous couplings are related to bounds on the higher-order
static (transition) EM moments of the W (Z) bosons. Expectations from the on-going and future Tevatron

collider runs are discussed.
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During the 1992 Tevatron collider run, the Collider Detector at Fermilab (CDF) accumulated
~ 20 pb~! of integrated luminosity. The statistics of the inclusive W and Z data samples obtained
during this run (~ 20K W and ~ 2K Z events) are sufficiently large that studies of rare and/or
semi-rare exclusive processes such as W+, Z + v, WW, WZ and ZZ-pair production are now
becoming feasible.

The observation and detailed study of these processes provides important new tests of the
Standard Model (SM) of electroweak interactions through the investigation and study of tri-linear
gauge boson couplings of the W, Z and v. Strong gauge cancellations are predicted to occur in
the W + v, WW and WZ processes, while no such cancellations are expected for the Z + v or
Z Z processes. The tri-linear gauge boson couplings associated with the WW~ and WW Z vertices
(s-channel Feynman diagrams) are a consequence of the non-Abelian SUL(2) x Uy (1) symmetry
of the electroweak theory [1]. They are the only tri-vector boson vertices allowed in the SM. The
corresponding u and t-channel di-boson processes depend only on the coupling between quarks
and electroweak bosons. However, the fermion-gauge boson couplings are now well-tested in the
production and decay of single bosons, and are considered to be known. Therefore, we may regard
di-boson production as primarily a test of the strength and nature of the tri-linear gauge boson
couplings. The cancellation between the s, t and u-channel amplitudes in the W 4 process results
in the prediction of a radiation amplitude zero [2] in the Wy center of mass angular distribution at
cos #* = F1/3. This can also be observed as a dip in the photon—lepton pseudorapidity difference
distribution An,_p+ ~ F0.3in /s = 1.8 TeV p-p collisions [3]. A similar amplitude zero is predicted
in W*Z production [4].

In various non-standard models of the electroweak interactions, the W, Z and v are viewed as
composite, rather than fundamental particles [5]. In such scenarios, non-standard WW~, WW Z,
ZZ~v, Zyvy and ZZZ anomalous couplings may exist. New physics must be introduced at large
V'3 [6] in order to avoid violation of (tree-level) S-matrix unitarity [7]. The anomalous couplings
are modified via the introduction of a (generalized dipole) form factor which forces the anomalous
boson couplings to approach their SM values at large V3. The form factor scale App is presumed to
be larger than the typical v/ values seen at the Tevatron. A signature of the existence of non-zero
anomalous boson couplings is an excess rate of production of di-boson pairs, particularly at high
transverse energies. The absence of an excess of such events can therefore be used to obtain direct
experimental limits on such anomalous couplings for each di-boson process.

The CDF detector is described in detail elsewhere [8]. The detector components most relevant
to this analysis are the vertex time projection chamber (VTX) for measuring the position of the
primary vertex, the central tracking chamber (CTC) immersed in a 1.4 T solenoidal magnetic
field for charged particle momentum measurement, the central EM and hadron calorimeters (CEM
and CHA) for energy measurement, the central muon system (CMU) and central muon upgrade
(CMUP) for muon identification, and the plug and forward EM and hadron calorimeters (PEM
and PHA, FEM and FHA) for energy measurement. The calorimeters are arranged in projective
towers and cover the pseudorapidity range || < 1.1 in the central region, 1.1 < || < 2.4 in the
plug region, and 2.4 < |n| < 4.2 in the forward region. In the central EM calorimeter, highly-
segmented strip chambers located at shower maximum (~ 6 r.l.) are used for measurement of
transverse shower profiles associated with electrons and photons. The central muon chambers
cover the pseudorapidity range |7| < 0.6.



The inclusive electron W and Z data samples were collected using a Fr > 16 (GeV electron
trigger. The inclusive muon W and Z data samples were collected using a Pr > 9 GeV/c muon
trigger. Offline, the inclusive electron W data sample was obtained by requiring events with
an isolated electron in a good fiducial region of the central calorimeter, with transverse energy
Er > 20 GeV, good 3-D track matching with the CES shower centroid, low longitudinal shower
leakage into the hadron calorimeter, and missing transverse energy Er > 20 GeV [9]. A total
of 13920 events passed the electron W requirements. The inclusive muon W data sample was
obtained by requiring events with an isolated track with Pp > 20 GeV/c matched to a track stub
in a good fiducial region of the CMU and CMUP chambers and a minimum ionizing signature
in the calorimeter [10]. A total of 6105 events passed the muon W requirements. The inclusive
electron and muon Z data samples were obtained using the same lepton identification requirements
as above, and less restrictive criteria for the second lepton. The inclusive electron Z data sample
required a second electron with E7 > 20, 15 or 10 GeV if in the CEM, PEM or FEM regions of
the CDF calorimeters, respectively, and a di-electron pair mass of 70 < Mt < 110 GeV/c2,
In the central region, where tracking information is available, the second electron must also have
0.5 < E/P < 2.0 and opposite charge to the first lepton. A total of 1237 events passed the electron
Z requirements. The inclusive muon Z data sample required a second muon with Pr > 20 GeV/c,
of opposite charge to the first, and a di-muon pair mass of 65 < M,+,- <115 GeV/c?. A total of
507 events passed the muon Z requirements.

W + v and Z + v Boson Pair Production at CDF

W + v and Z + v boson pair candidates were obtained from the inclusive W and Z data
samples by requiring an isolated central photon within the fiducial region of the CDF calorimeters
and with £7 > 7 GeV. An angular separation between the charged lepton and the photon of
ARp, > 0.7 was required to suppress contributions from final-state bremsstrahlung. To reduce
QCD background from W/Z+ jets, the excess transverse energy in a cone of AR = 0.4 around the
EM cluster was required to be less than 15% of the EM cluster E7, and the sum of the Pr of
all charged tracks within this cone was required to be less than 2.0 GeV/c. Events with a track
pointing directly at the EM cluster were rejected. To reduce the background from neutral hadrons,
the ratio of hadronic to electromagnetic energy in the EM cluster was required to be less than
0.055 + 0.00045 x E, where E was the total energy of the EM cluster in GeV. To suppress ©° and
wmulti-photon backgrounds, the lateral shower shape of the cluster was required to be consistent
with that of a single particle. Events having more than one CES cluster with energy > 1.0 GeV
associated with the EM calorimeter cluster were rejected. Using these selection criteria 18 (7)
W + v candidates and 4 (4) Z 4+ v candidates were found in the inclusive electron (muon) W/Z
data samples, respectively.

The level of background in each of the four data samples due to QCD jet production in asso-
ciation with a W or Z boson was determined by use of a non-signal control sample of jet data.
The QCD jet fragmentation probability distribution P(J — v) as a function of ET was determined
from this data sample. A correction for the (statistical) removal of prompt, isolated photons in
this control sample of jets was made using a shower shape analysis. The probability was found to
be P(J — y) ~ 8 x 107* at Er = 9 GeV, decreasing exponentially to ~ 104 at Er = 25 GeV.
The QCD jet fragmentation probability distribution was then convoluted with the central jet Er
spectrum in each of the four inclusive W/Z data samples to obtain an estimate of the QCD back-
ground of 4.6 + 1.8 (stat + syst) (1.9 4 0.6 (stat + syst)) events in the electron (muon) W + v data
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samples, respectively, and 0.4 £ 0.2 (stat + syst) (0.10 + 0.05 (stat + syst)) events in the electron
(muon) Z + v data samples, respectively. These results are in good agreement with those obtained
from VECBOS [11] W/Z + n Jets Monte Carlo simulations. In the W + y data samples, the
contribution from the Z + v process where one of the leptons from Z decay is not detected is also
significant. This background was suppressed by using a “no-2"% track” cut, removing events with
isolated tracks of opposite charge to that of the W decay lepton and with Pr > 10 GeV/c. A total
of 0.43 £ 0.02 (stat + syst) (1.14 £ 0.06 (stat + syst)) Z + 7 background events are expected in
the electron (muon) W 4 vy data samples, respectively, using the Baur Z + v Monte Carlo event
generator [12] and a detailed CDF detector simulation. In addition, we used the Baur W ++ Monte
Carlo [13] for estimating the W + v “background” from W — 7 — fvi (€ = €, u) decays passing
our event selection criteria. In the electron (muon) W + v data samples, 0.29 + 0.02 (stat + syst)
(1.14 £ 0.06 (stat + syst)) events are expected, respectively from 7 decay channel in W + v pro-
duction. In the electron/muon Z + v data samples, the contribution from the Z — 77~ decay
channel is negligibly small.

The Baur W + v and Z + 7 Monte Carlo event generator programs [13, 12], coupled with a
detailed MC simulation program of the CDF detector were used to obtain the SM predictions for
the W + v and Z + v data samples for E7 > 7 GeV and ARy > 0.7. The MRSD-’ [14] structure
functions were used for event generation as they best match the most recent W decay lepton
charge asymmetry measurements from CDF [15]. The observed event yield and the SM prediction
for the individual and combined e+ u W ++5 and Z + 7 results are summarized in Table 1. The
experimental results are in good agreement with SM expectations.

Channel A/’obs ZU\fblcg'nd Nsignal NSM
e Wx 18 |15.3+£18]12.7+4.6 | 15.44+£0.7
p Wy | 7 |32+06]| 38427 7.9+04
e+u Wy 25 [ 85+£19]|165+54(23.3+1.1
e Zv 4 0402 3.6+20} 4.34+0.2
g Zv| 4 [01401] 39420 2.8+0.1
e+pZy | 8 |05+02]| 75428 | 71403

Table 1: Summary of W + v and Z + 4 results. The observed number of
events Ny, predicted number of total background events ENbkgnd, number
of signal events Nyignat = Nobs — ENpkgna and predicted number of SM signal
events, Mgy for each channel are given. The statistical and systematic
uncertainties associated with Y Mykgnd, Nsignat and Nsps are given for each
channel.

The SM predictions for W + v and Z + v production cross section x branching ratios are
summmarized in Table 2. The experimental results are in good agreement with SM expectations.
The systematic uncertainties in the SM predictions and the experimental measurements include
contributions from structure function choice, Q?-scale uncertainties, uncertainties associated with
the W/Z + v Pr-distribution [16] and higher-order QCD corrections [17]. The experimental results
also include the luminosity uncertainty, lepton/photon identification efficiency uncertainties, and



kinematic and geometrical acceptance uncertainties. A small correction to the e/p Z + v result
has been applied to remove the Drell-Yan contribution.

Channel T B(Ve4+ ¥)ewpe (Pb) | @ - B(Vy + v)sm (pb)
e W~ 153+ 5.7
w Wy 9.0+6.4 18.6 + 2.8
€+ p Wy 13.24+ 4.4
e Zv 4.0+ 2.3
woZy 6.6+ 3.4 5.24+0.6
e+ pu 2y 5.1+ 1.9

Table 2: Summary of o - B(Vy 4 ) results (V = W or Z). The statistical
and systematic uncertainties for ¢ - B(V; + Y)ezpt and o - B(Vy + v)spr are
given.

Figures 1-3 compare kinematic distributions for the combined e + u W + v data with Standard
Model predictions and background. The falling spectrum of the ARy, distribution in Fig. 2
indicates that the largest contribution to our signal is from radiative W decays. The cluster
transverse mass distribution (also known as the minimum invariant mass) [18] is shown in Fig.
3. It contains 6 €+ p W + v candidate events with MCWT > 90 GeV/c?, which are produced
primarily by the direct W-photon coupling. The observed rate is consistent with the Standard
Model expectation of 8.5 events.

Figures 4-6 compare kinematic distributions for the combined e + u Z + v data with the sum
of the Standard Model prediction plus the estimated background. Although there is no significant
deviation from SM expectations, we note the presence in our muon sample of an event with EJ ~
64 GeV and Mz, ~ 188 GeV/c2.

We are in the process of extracting the cross section ratios R(Wv /W), R(Zv/Z), R(W~/Z~)
and R(W/Z) for the 1992-93 collider run. From the 1988-89 collider run, where an integrated
luminosity of ~ 4 pb~! was obtained, the W + v and Z + 7 cross sections and cross section ratios
for E7 > 5 GeV and ARe, > 0.7 were extracted [19]. These cross section ratios and their SM
predictions are sumnmarized in Table 3.

CDF has published results for the e, 4 and e+ u combined inclusive cross section ratio R(W/Z)
from the 1988-89 collider run [20]. By taking ratios of these cross sections, as in the case of the
R(W/Z); cross section ratio, many common experimental (and theoretical) uncertainties cancel (21].
The first and third cross section ratios, R(W~v /W), and R(W+/Z7v)e, in the context of the SM are
sensitive to the destructive interference between the u, t and s—channel Feynman amplitudes for
the Wy process [22]. The SM prediction for R(W+/W),, for our choice of photon cuts, is ~ 1.0%,
whereas if these events were due solely to radiative W decay, this ratio would instead be ~ 0.6%.
The second cross section ratio, R(Z7v/Z), is predicted to be ~ 2.8% in the Standard Model. If
these events were due solely to radiative Z decay, this ratio would be ~ 2.1%. The third cross
section ratio, that of R(W+y/Z~v) is predicted to be ~ 4.0 in the SM. If the photons observed in
W + v events were due solely to final-state bremsstrahlung, this ratio is expected to be ~ 2.5,
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Cross Section Ratio Rem Rsu
R(W~ /W), 0.970+%

R(W~ /W), 1+‘ 0‘7 1.07 £ 0.02%
RWy/W)ets 1—8 2%

R(ZY/Z). 3.375%%

R(Z~/Z), 7.0t§ 3% 2.83 £ 0.03%
R(ZY/Z)etn 46t§8%

R(WA/Z7)e 3.0153

R(W~/Z7), L. at} 2 4.05 + 0.07
RWY/ZY)etn 2. 2tfg

R(W/Z). 10.2%573

R(W/Z), 9.8%12 | 10.69 £ 0.22
RW/Z) et 10.0557

Table 3: W and Z cross section ratios for the 1988-89 data. The combined
(stat + syst) uncertainty associated with each quantity is given.

whereas if the photons observed in Z + v events were due solely to final-state bremsstrahlung, this
ratio is expected to be ~ 5.4. The fourth cross section ratio is the inclusive W/Z cross section ratio,
R(W/Z)¢ which is predicted to be ~ 10.7. These cross section ratio results from the 1988-89 data
are in good agreement with Standard Model expectations. We hope to present new cross section
ratio results for the 1992-93 data in the near future.

We have obtained direct experimental limits on WW<y (ZZv and Zyv) anomalous couplings
using the 1992-93 W + v (Z + ) data samples, respectively. A binned maximum likelihood fit
to the shape of the E7 distribution for each of the combined e + u data samples was carried out.
Limits on anomalous couplings were found by comparing the photon E7 distribution to the sum of
the estimated background plus the Monte Carlo signal prediction, calculating the likelihood that
this sum would fluctuate to the observed number of events in each Er bin. These probabilities
are governed by Poisson statistics. The predicted number of events is convoluted with a Gaussian
distribution to include the systematic uncertainty.

The 68%, 90% and 95% CL limit contours for the CP-conserving WW+~ anomalous couplings
Ak, and A, are shown in Fig. 7a. A dipole form factor with a form factor scale Ay = 1.5 TeV is
included in this analysis. Because of the nature of the W W+ vertex function [1], the experimental
results are insensitive to the form factor scale for Ay > 0.3 TeV. Tree-level S-matrix unitarity im-
poses constraints on the allowed values of Ak, and A, in the p-p — Wy and W*+W ™ processes (23],
as shown in Fig. 7a for Aw = 1.5 TeV. Unitarity is violated in the region outside these contours.
Our 95% CL limit contour is well inside the unitarity constraints.

We obtain direct limits on CP-conserving WW+ anomalous couplings of —2.3 < Ak, < 2.2
and ~0.7 < A, < 0.7 at 95% CL, assuming all other WW+ anomalous couplings to be at their SM
values. Similarly, we obtain direct limits on CP-violating WW+y anomalous couplings f, and A,
which are within 3% of those obtained for Ak, and A, respectively. The 95% CL limit contour



is well inside the CP-violating W+ and WW unitarity constraints, the former (latter) of which is
identical to (less restrictive than) the unitarity constraint for the CP- conserving case.

The 68%, 90% and 95% CL limit contours for the CP-conserving (CP-violating) ZZv and Z~~
anomalous couplings hdy and Y, (hY, and hY,) where V = Z, 5 are shown in Fig. 8. For the
non-standard Z* — Z + v s-channel process, the effect of a generalized dipole form factor

Vie M2 0 — hiy

hi (8, M7,0) = TFa/A)” (1)
where ¢ = 1-4, n = 3 for hK;; (n = 4 for h“z/,at) and the form factor scale is chosen to be Az, is included
in this analysis. Because of the nature of the ZZy and Zy+y vertex functions [1], the experimental
results are strongly dependent on the form factor scale Az. Tree-level S-matrix unitarity imposes
constraints on the allowed values of the kY, parameters in the p-p — Z + v process [23], as shown
in Fig. 8 for Az = 500 GeV. Unitarity is violated in the region outside these contours. Our 95%
CL limit contours are well inside the unitarity constraints.

We obtain direct limits on CP- conservmg (CP-violating) ZZ~v anomalous couplings of —3.0 <
hZ (h%) < 3.0 and —0.7 < by (h%) < 0.7 at 95% CL; and direct limits on CP- conserving (CP-
violating) Zy+ anomalous couplings of —3.1 < A3, (hm) <3.1and -0.8 < hj, (h},) < 0.8 at 95%
CL.

[n the static limit (photon energy k — 0), the WWy anomalous couplings, which are relativistic
quantities, are related to the higher-order classical electromagnetic moments of the W boson [24]
— the magnetic dipole moment uw, electric quadrupole moment QS electric dipole moment dyy,
magnetic quadrupole moment @} and the mean-squared charge radius, <R¥, > (with i = ¢ = 1)
via:

€

€
= (ARt A) = sr—gw (2)
€
Q5 = (14+ ARy = Xy) = ——rgf (3)
w MW Y ¥ Mz w
~ €
d = K Ay) = é
€ -~ €
Q= -7’ —%y) = ~—rd (5)
leV Y Y Mﬁv
1 . .
<Ry> = —5(14+Ak,+)) = —r (6)
w MW Y va

The sign associated with each of these quantities indicates their orientation relative to the spin
direction of the W+ boson.

The limit contours for the CP-conserving W boson EM moment quantities gy — 2 and gy — 1
are displayed in Fig. 7b. We obtain —1.2 < gw -2 < L.1for ¢, = 1 and —1.6 < gy — 1 < 1.7 for
gw =2and -1.2 < rfy — 1 < 1.2 for ¢§, = 1 at 95% CL. We have also obtained direct limits on
CP-violating electric dipole and magnetic quadrupole moments dy and Q. The 95% CL limits
on by and g are within 3% of those obtained for gw — 2 and ¢f, — 1, respectively. These results
determine at almost 90% significance the sign of the magnetic dipole moment, uy, independent
from the values of the other EM moments of the W boson.



The ZZ~v anomalous couplings are related to the higher-order EM transition moments of the Z
boson in the static limit (photon energy k — 0) by [25]:
e 1 kK /. 5 €
dz, = ————F% YE) hso — hio) = —555-627 (7)
Mz N2 IVIZ P71
€ €
QY. = —5VI0(2h%) = —5 ¥, (8)
MZ AMZ
e 1 k? //. A . Z\ € (9)
Bzr = ; ; 10— ft20) = —: 9z
Mz /3 M2\ ) 2My 97T
QS L V10 (20%) = —=q (10)
Zr = 2 /) = 2127
. Mz Mz
Setting direct experimental limits on éz,. and gz, is problematic because the Z + v photon energy
spestrum is continuous, and sharply peaked at the experimental cutoff in £7. The factor (k*/M2)
the definition of these transition moments is rather ill-defined, expernnentaﬂy. Hence, we define
t‘rm following variables for these two quaitiuies
. rﬁ'l =z Z\
S = oo || = VE(b- ) (11)
Faiz p Z 7
* ¥

The limit contours for the C'P-conserving (CP-violating) Z boson EM transition moment quantities
6% and q’Z"T \gZT and g% ) are displayed in Fig. § for a form factor scale Az = 500 GeV. The
ZZ7 unitarity constraint for this form factor scale is also shown in the figure. We obtain direct
limits on the CP-conserving (CP-violating) ZZy transition moments of ~1.1 < 67 (g7 ) < 1.0
and —6.0 < ¢%. (¢%,) < 6.0 at 95% CL. No such analogous relations exist for Zyy anomalous
couplings, since in the y* — Z + v process, the virtual photon is (very) far off the mass shell.
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static (transition) EM moments obtained from the 1992-93 da
improvement over those extracted from the 19 8-89 d
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WW, WZ and ZZ boson pair candidates were also obtained from the inclusive electron and
muon W and Z data samples using the same W/Z event selection criteria. To increase the sensitiv-
ity, this analysis also included electron W candidates where the W decay electron was located in the
PEM calorimeter. This inclusive W data sample was obtained with a PEM electron trigger which

required Fr > 20 GeV. Offline, isolated PEM electron W candidates were required to be in a good
fiducial region of the PEM calorimeter, have ET > 20 GeV, and be isolated. To further increase
1 PR PR N S -
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In the presence of anomalous couplings, the amplitudes for WW+y, WWZ and/or ZZZ are

strongly &-dependent, leading to an excess rate of production for high- Py di-boson pairs. This
kinematic feature can be used to dramatically suppress the W/Z+QCD jet(s) background to the
WW, WZ and ZZ processes, where one boson decays leptonically, the other hadronically. The



W/Z+QCD jet background is primarily in the low jet- Er region. For di-boson decay modes in-
volving hadronic decays of W/Z bosons, two jets with E7 > 30 GeV and [5;| < 2.5 were required.
Jet energy response corrections were applied to each jet before applying this cut.

For WW, WZ — v jj candidates, we required M% > 40 GeV/c?, the jet-jet invariant mass
to be within 60 < M;; < 110 GeV/c? and P” > 130 GeV/c. The P%J cut strongly suppresses
W/Z+QCD jet background, but also suppresses much of the SM di-boson signal in these decay
channels. For ZW, ZZ — ¢+¢~ jj candidates, the di-lepton pair mass was required to be within
70 < My+,- < 110 GeV/c?, the jet-jet invariant mass to be within 60 < M,; < 110 GeV/c? and
PF > 100 GeV/ec.

Using these event selection criteria, no ZZ, ZW — ¢+{~ jj and one electron WW , WZ — ¢v jj
candidate were found. Figures 10-11 show the CTC (r — ¢) and calorimeter (lego) views of the
Pp — ZW — ete™ etr, boson pair candidate.

The SM prediction for each of these processes was obtained using the Zeppenfeld weak boson
pair Monte Carlo event generator [26] and QFL CDF detector simulation, using MT B2 structure
functions [14]. The (fractional) uncertainty associated with each of these SM predictions is ~ 14-
15% due to uncertainties associated with the Pr distribution for the boson pair, higher-order QCD
corrections to these processes [27], structure function choice, jet E7 scale and jet resolution uncer-
tainties, as well as the uncertainty in the luminosity determination, lepton trigger and identification
efliciencies and the finite statistics associated with Monte Carlo simulation.

Direct limits on CP-conserving and CP-violating WW+y and WW Z anomalous couplings for
each of the WW and W Z channels were obtained using the di-boson Monte Carlo to obtain the
predicted event yield in each channel, and then computing the probability that the experiment
would find the observed number of events or fewer in that channel, (conservatively) assuming the
observed number of events in each channel to be pure signal. The probability distribution used
was the convolution of a Poisson distribution smeared by a Gaussian to include the systematic
uncertainty associated with the predicted event yield.

The greatest sensitivity occurs in the WW, WZ — ¢€v jj channel, as shown in Fig. 12 for
CP-conserving WW+~/WW Z anomalous couplings, assuming Ak, = Akz = As and A, = Az = A,
If only one non-zero WW+y/WW Z anomalous coupling is considered at a time, the limits are
-1.0 < Ak < 1.1 and —0.8 < XA < 0.8 at 95% CL for a dipole form factor and Aw = 1.5 TeV.
The WW+~/WW Z unitarity constraint [23] is also shown in this figure. The region exterior to
the unitarity contour is excluded. The Ax-\ 95% CL limit contour is just inside the unitarity
constraint for Ay = 1.5 TeV. If Ak, # Akz, we obtain —2.5 < Ak, < 2.8 for Akz = 0 and
-1.3 < Akz < 1.4 for Ak, =0 at 95% CL for Aw = 1.5 TeV. For the ZW — ¢t¢~ jj channel,
we obtain —8.6 < Akz < 9.0 for Az = 0 and —1.7 < Az < 1.7 for Akz = 0.

We obtain direct limits on CP-violating WW+/WW Z anomalous couplings, as shown in Fig.
13 for the WW, WZ — (v jj channel, assuming i, = £z = & and /\., = Az = A. We find
—34 <k <33forX=0and 0.8 <X < 0.8for Z = 0 at 95% CL, for a form factor scale of
Aw = 1.5 TeV.

Work on extracting direct experimental limits for WW+y and WW Z anomalous couplings using
all-leptonic final states is in progress; as is work on extracting direct limits on ZZv and ZZZ
anomalous couplings from the ZZ — ¢¥¢~ jj and ZZ — ¢+¢~ ¢+¢~ di-boson channels. For two



on-shell Z’s in the final state, Bose symmetry allows only two couplings — one CP-conserving, the
other CP-violating [1]. If at least one of the final state Z bosons is off shell, five additional couplings
are possible, as in the case for WW+/WW Z vertices.

Summary and Future Prospects

From ~ 20 pb~! data, we have observed 25 e+ pu W + 7 candidate events and 8 e + W Z+y
candidate events, with backgrounds of 8.5 + 1.9 (stat + syst) and 0.5 £ 0.2 (stat + syst) events,
respectively. Using these data samples, we have extracted measurements of the production cross
section X decay branching ratios of ¢ - B(W + v)eq, = 13.2 + 4.4 (stat + syst) and o - B(Z +
V)e+u = 5.1 £ 1.9 (stat + syst). Work is in progress to repeat the 1988-89 data analysis to obtain
improved results on the cross section ratios R(Wy /W), R(Zv/Z), R(W~y/Z7) and R(W/Z) with
the 1992-93 data.

From the combined e + u data samples, we have obtained direct experimental limits on WW~,
ZZy and Zyv anomalous couplings. We obtain direct limits on CP-conserving W Wy anomalous
couplings of —2.3 < Ak, < 2.2 and -0.7 < A, < 0.7 at 95% CL, assuming all other WW-+
anomalous couplings to be at their SM values. These results are sensitive to a form factor scale up
to Aw = 1.5 TeV. Similarly, we obtain direct limits on CP-violating W Wy anomalous couplings &,
and /\7, which are within 3% of those obtained for Ax., and A, respectively. We obtain direct limits
on CP- conservmg (CP violating) ZZv and Zvy anomalous couplings of —3.0 < h% (k%) < 3.0
and ~0.7 < hZ, (h%) < 0.7; and =3.1 < by (h],) < 3.1 and —0.8 < hyo (h) < 0.8 at 95% CL.
These results are sensitive to a form factor scale up to Az = 500 GeV.

In the static limit, the direct experimental limits on WW+ (ZZy) anomalous couplings are
related to bounds on the higher-order static (transition) EM moments of the W (Z) bosons,
respectively. For the W boson, we obtain limits on the magnetic dipole moment and electric
quadrupole moments of —1.2 < gw — 2 < 1.1 for ¢§, = 1 and —1.6 < gy — 1 < 1.7 for g = 2
and —1.2 < v, — 1 < 1.2 for ¢§, = 1 at 95% CL. We have also obtained direct limits on C'P-
violating electric dipole and magnetic quadrupole moments dy and Q3. The 95% CL limits on
éw and gy are within 3% of those obtained for gw — 2 and ¢f, — 1, respectively. These results
determine at almost 90% significance the sign of the magnetic dipole moment, uw, independent
from the values of the other EM moments of the W boson. For the Z boson, we obtain direct
limits on the CP-conserving (CP-violating) ZZ+ transition moments of —1.1 < 67, (9%,) < 1.0
and —6.0 < ¢%. (¢%,) < 6.0 at 95% CL. :

These results are in good agreement with SM expectations. Work is in progress to extend
the photon coverage into the plug EM calorimeter region to increase the statistics of the run Ia
W+~ and Z + v data samples, which will be particularly important for studying the photon-lepton
pseudorapidity correlation and the predicted dip in the An.,_g+ distribution at ~ F0.3 due to the
SM radiation amplitude zero in p-p — W + v production.

From the “heavy” weak boson pair analysis, the greatest sensitivity to WW+~ and WW Z anoma-
lous couplings occurs in the WW, WZ — &v jj channel, We obtain direct experimental limits on
CP-conserving WW<y/WW Z anomalous couplings, assuming Ak, = Akz = Ak and A, = Az = A,
If only one non-zero WW+y/WWZ anomalous coupling is considered at a time, the limits are
—1 0 <Ak < +1.1and -0.8 < A < 0.8 at 95% CL for Aw = 1.5 TeV. If Ak, # Axz, we obtain

H < Aky < 28for Akz = 0and —1.3 < Akz < 1.4 for Ak, = 0 at 95% CL for Aw = 1.5 TeV.
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For the ZW — €*{~ jj channel, we obtain —8.6 < Aky < 9.0 for Az = 0 and —1.7 < Az < L.7 for
Argz = 0.

We have also obtained direct limits on CP-violating WW~y/WW Z anomalous couplings. using
the WW, WZ — v jj channel, assuming K, = Az = & and :\w =Xz =A Wefind —3.4 < & < 3.3
for A= 0and —0.8 < A < 0.8 for & = 0 at 95% CL, for a form factor scale of Ay = 1.5 TeV. These
results are also in good agreement with SM expectations.

Work on extracting direct experimental limits on ZZvy and ZZZ anomalous couplings from
ZZ — €*¢ ¢t and ZZ — ¢4~ jj di-boson channels is in progress. When the analysis of the
run la di-boson data is completed, we plan to combine limits on anomalous couplings obtained
from W + vy and Z + v data with those obtained from the “heavy” boson pair data. Work is also
in progress to relax the stringent cuts used in the latter analysis to improve our acceptance for the
SM signal in each of the various di-boson decay channels.

Tevatron collider run Ib is currently in progress. We hope to accumulate ~ 75 pb~! data by
the end of the run (June, 1995), increasing the statistics in each of these data samples by a factor
of nearly four. Beyond this, we anticipate significantly larger di-boson data samples with Tevatron
collider Run II, and the commissioning of the Main Injector at the end of this decade, where data
samples of ~ 1 fb~! integrated luminosity are hoped for.
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vital contributions. This work was supported by the U.S. Department of Energy and National
Science Foundation; the Italian Istituto Nazionale di Fisica Nucleare; the Ministry of Education,
Science and Culture of Japan; the Natural Sciences and Engineering Research Council of Canada;
the National Science Council of the Republic of China; the A. P. Sloan Foundation; and the
Alexander von Humboldt-Stiftung. We thank U. Baur, F. Boudjema and D. Zeppenfeld for many
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Figure 1: Er distribution of central photon candidates in W+ events. The
prediction for the SM signal has been added to the background prediction.
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Figure 2: Angular separation ARy, of the photon candidate and the charged
lepton from the W decay. The prediction for the SM signal has been added
to the background prediction.
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Figure 3: Cluster transverse mass M¥ of the W decay leptons and the

photon. The prediction for the SM signal has been added to the background
prediction.
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added to the background prediction.
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prediction.
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Figure 7: Direct limits on CP-conserving WW+~ anomalous couplings (a)
and on the static CP-conserving EM multipole moments of the W boson
(b) for the combined e+ u W + v data sample. In each figure, the star
indicates the point where these EM moments vanish. The solid ellipses show
the 68%, 90% and 95% CL limit contours. The W+W = and W+ unitarity
limits for a form factor scale Aw = 1.5 TeV are indicated by dashed and
dotted curves, respectively.

17



CDF Preliminary

10 T T ™ 10 T T
[ Az=500 GeV Ag=600 GeV
5 - 22y Unitarity - ’§ 5 r Zyy Unitarity -
&

0 s
s ] s ]
ol | R ~1olb s N B

-10 -5 0 5 10 -10 -5 0 5 10

h¥g (h%y) W5 (h73)

Figure 8: Direct limits on CP-conserving (CP-violating) ZZ+y and Zv+ cou-
plings for the combined e+yu Z++ data sample. The solid ellipses show the
68%, 90% and 95% CL limit contours. The ZZv and Zyv unitarity limits
for a form factor scale Az = 500 GeV are indicated by the dotted contours.
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Figure 9: Direct limits on CP-conserving (CP-violating) ZZ~v transition
multipole moments for the combined e+ u Z + v data sample. The solid
ellipses show the 68%, 90% and 95% CL limit contours. The ZZ~ unitarity
limits for a form factor scale Az = 500 GeV are indicated by the dotted
contour.
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Figure 10: CTC (r — ¢) view of ZW — ete™ etv, candidate. The central
eTe™ pair has an invariant mass consistent with Z — ete~, the et in the
plug EM calorimeter and Fr have transverse mass consistent with W+ —
etu,.
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Figure 11: Calorimeter (lego) view of WZ — ete~ etv, candidate.
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Figure 12: Limits on CP-conserving WW<y and WW Z anomalous couplings
from WW or W Z production, where one boson decays leptonically and the
other hadronically. The dashed (solid) ellipses show the 68% (95% CL)
limit contours. The unitarity limits for a form factor scale Ay = 1.5 TeV
are indicated by the dotted contour.
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Figure 13: Limits on CP-violating WW+y and WW Z anomalous couplings
from WW or WZ production, where one W decays leptonically and the
accompanying W or Z decays hadronically. The dashed (solid) ellipses show
the 68% (95% CL) limit contours.
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